In many linear quadratic (LQ) optimal regulator problems, the tuning of design parameters such as weighting coefficients in the criterion function depends on trial-and-error simulations. In this note, an LQ optimal regulator is used to prevent tumbling from power-assisted carts. The cart has two actuators: a DC servomotor that drives the cart, where power assistance is realized by impedance control of the motor; and a linear motor actuator to prevent the conveyed objects from tumbling. This note mainly discusses a systematic LQ optimal regulator design method for the latter actuator. The relationships between the feedback gain tuning of the tumble prevention actuator and controlled object responses were examined by simulation. Actual feedback gains were then determined by gain scheduling of the gains obtained a priori based on the relationships, control specifications and constraints. The effectiveness of the design method was verified by simulation examples.
Introduction
Despite the popularization of industrial robots, some processes require operators to act instead of the employment of autonomous robots. For example, many operators handle and position heavy objects in automotive assembly processes (1) . Because of this situation at industrial production sites, various power-assisted systems are being investigated. In previous work, the authors' research group examined a power-assisted control system design for human operators to convey mechanical structures at industrial production sites (2) . In the present study, it was assumed that two actuators were applied to realize power assistance and handle conveyed objects. The use of two actuators may be redundant and increases costs; however, it allows the tradeoff between motion and vibration control to be avoided (2) and the realization of both coarse power-assisted motion and precise automatic position settling (3) . These characteristics cannot be realized by most single-actuator systems. In Ref. (2) , a power-assisted control method based on impedance control was proposed. The impedance characteristic of the power-assisted part was regarded as the dynamics of the disturbance for the conveyed object handling part. Its handling control was obtained by the disturbance accommodating optimal control method. Reference (4) proposes a robust assist method that considers the influence of structured uncertainties and vibratory reaction forces Journal of Advanced Mechanical Design, Systems, and Manufacturing on operators.
Generally, safety improvement is one of the most important issues to the actual use of power-assisted systems. The essential function of the systems is increasing the human operator's input force. If he or she is not aware of the power-assisted system and produces an unintentional force abruptly, the system may go out of control. Thus, most conventional power-assisted systems for industrial use have enabling switches (i.e., hold-to-run switches) to detect the operator's control intentions. However, another safety measure is required because a variety of power-assisted systems such as electric-assisted bicycles may remove the enabling switches. Reference (5) discussed a method to avoid the rapid responses caused by unintentional input forces. Concretely, it adopted the frequency-shaped disturbance accommodating optimal control method and restricted the motion of the actuator for conveyed objects in the low-frequency range. A motor-driven power-assisted cart with a linear motor stage was considered as an example of a power-assisted system.
However, there is no way to systematically tune design parameters such as the weighting matrix of the optimal control; in Ref. (5), the parameters were tuned by trial and error. Generally, "frequency-shaping" increases the order of the controller. The present technical note presents a systematic LQ optimal regulator design method for this problem. Frequency-shaping is not included in this regulator. Concretely, the relationships between the feedback gain tuning of the tumble prevention actuator and the controlled object responses are examined by simulation. Actual feedback gains are then determined by gain scheduling of the relationships a priori based on the control specifications and constraints. The effectiveness of the design method was verified by simulation examples.
Optimal Regulator Problem
The controlled object model shown in Fig. 1 was adopted in the present study. This object is similar to those used in Refs. (4) and (5). This model is of a motor-driven power-assisted cart with a linear motor actuator installed. The parameters of the model are summarized in Table 1 . The stroke constraint of the linear actuator is 0.05 m ± . The conveyed object was assumed to be cylindrical and to tumble when the slider's absolute acceleration becomes higher than the tumbling acceleration in Ref. (6) . The acceleration in Ref.
(5) may also be referred to. Therefore, the slider's acceleration must be lower than the tumbling acceleration even if the cart is moved abruptly by an unintentional input force. In the present study, this characteristic was realized by the disturbance accommodating optimal regulator method without frequency-shaping.
Linear actuator
Operator's force Journal of Advanced Mechanical Design, Systems, and Manufacturing Table 1 Parameters of controlled object model
The state equation of the augmented system consisting of the slider part and impedance-controlled cart is defined as follows (2) :
x t are the displacements of the slider and cart, respectively. id m and id c are the mechanical impedance characteristic parameters for the mass and damping, respectively. a m is the total mass of the slider and conveyed object. a K is the thrust constant of the linear actuator.
( ) a e t is the control input voltage to the linear actuator driver.
( ) h F t is the operator's input force. The optimal regulator problem in this note corresponds to the LQR design for a linear system, where the third term on the right side of Eq. (1) is eliminated. Here, the weighting coefficient of LQR design for the control input voltage ( ) a e t is fixed to 1.0. The controller designer tunes the weighting coefficient q on the square of the relative displacement between the slider and cart-i.e.,
When q is high, the slider follows the cart motion exactly. It then becomes easy to satisfy the stroke constraint, but the slider's acceleration increases. In contrast, when q is low, the slider tends to remain in the initial position. This means that the acceleration does not increase, but it is difficult to satisfy the constraint. The goal of the controller design is efficient tuning of q or feedback gains such that the maximum acceleration of the slider is lower than the tumbling acceleration while the stroke constraint is satisfied.
Relationship between Optimal Regulator Design and Responses

Relationship between weighting coefficient q and maximum acceleration of slider
Similar to the classic gain scheduling controller design method, the relationship between the weighting coefficient q and maximum acceleration of the slider was examined by trial-and-error simulation. In this note, the "unintentional input force" is defined as the input force whose time length is 0.5 s or shorter.
Here, the input force ( ) h F t was assumed to be a square wave with a time length of 0.5 s. The relationship between q and maximum acceleration based on ( ) h F t was obtained by simulation iteration, as shown in Fig. 2 . Note that the horizontal axis (q) is a common logarithmic plot. The circles are the maximum accelerations of the slider. The solid line corresponds to the interpolation of the circles. Figure 2 indicates that the maximum acceleration of the slider seems to be a linear function of q in the range between 3 1.0 10 − × In actual implementations, the state feedback gains obtained by q are more important than q. Figure 3 shows the relationship between the maximum acceleration of the slider and the first column of the feedback gain vector. As shown in Fig. 3 , the magnitude of ( ) h F t varied between 7.5 N and 17.5 N. The circles, squares, rhombuses, triangles, and plus symbols in Fig. 3 correspond to the 7.5, 10.0, 12.5, 15.0 and 17.5 N cases, respectively. Here, the circle plots represent that q ranges from 1.0×10 -3 to 0.2. The squares, rhombuses, triangles and plus symbols represent that q ranges from 1.0×10 -3 to 0.2, from 1.0×10 -2 to 0.18, from 2.5×10 -2 to 0.16 and from 5.5×10 -2 to 0.16, respectively. The dashed line in Fig.  3 is the stroke constraint. The feedback gain vector had four elements in this simulation study. The other three elements (second to fourth columns of the vector) are shown in Figs. 4-6. A single q setting determines one plot in each figure (Figs. 3-6 ). The placements of plots in Figs. 3-6 by q-variation are very similar. Journal of Advanced Mechanical Design, Systems, and Manufacturing
Tuning process of the feedback gains
The tuning process of feedback gains based on Figs. 3-6 is discussed here. Here, let the maximum acceleration be set to a lower value than a. In this case, the feedback gain must be tuned such that the maximum acceleration is lower than a for a selected input force magnitude line (solid line), and the feedback gain must be greater than the stroke limit. If the solid line corresponding to an actual input force magnitude is not prepared, linear interpolation of solid lines can be applied, similar to the classic gain-scheduling technique. In the use of linear motor actuators, a low feedback gain within the available range is preferable in terms of energy saving.
Simulations
As an example, the input force magnitude and time length were set to 11.25 N and 0.5 s, respectively. This input force and the cart displacement based on it are shown in Figs. 7 and 8, respectively. The absolute values of the slider acceleration and slider stroke were limited to 0.3 m/s 2 and 0.05 m, respectively. The white star plots mark the gain scheduling of the 10.0 and 12.5 N-lines in Figs. 3-6. The first column of the feedback is tuned to 10 -0.82 from Fig. 3 . The other columns are also determined in a similar manner from Figs. 4-6: 10 -0.90 , -10 -0.82 and -10 -0.92 . Figures 9 and 10 show the absolute acceleration of the slider and relative displacement of the slider and cart, respectively. These responses indicate that the tuned state feedback gains satisfied the control specifications.
If we adopt other feedback gains-e.g., 10 -0.50 (high feedback gain case, black star plot in Fig. 3 ) or 10 -1.0 (low feedback gain case, gray star plot in Fig. 3 )-as the first column and other elements are tuned similarly, the responses become as shown in Figs. 11 and 12. In these cases, one of the constraints is not satisfied in each figure. 
Conclusions
This technical note discussed the feedback gain tuning of a power-assisted cart to prevent the tumbling of conveyed objects and presented a systematic LQ optimal regulator design method that addresses this problem. The relationships between the feedback gain tuning of the tumble prevention actuator and controlled object responses were examined by simulation. Feedback gains were determined by gain scheduling of the relationships. The effectiveness of the proposed design method was verified by simulation examples.
The tuning method in this note is only viable for simple optimal regulator problems-i.e., a problem where there is only one type of weighting coefficient. However, many applications for mechanical systems control have simple problems. Therefore, the tuning method is significant. Flexible matching to variations in the time length of the input force remains an important subject for future study. 
